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Identification of seismic events detected globally at regional distances between the
source and the sensor requires a clear physical understanding of the different types
of seismic sources including mining explosions, rock bursts, mine collapse, as well |

as small, shallow earthquakes. This research studies constraint of the operative
physical processes in the source region and linkage to the generation of seismic

waveforms with emphasis on investigating a number of modern visualization tcols that !

i
5
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only recently have become available with new, high speed graphical computers that can

enterthin relatively large data sets. A significant result of this work is the

. visual manifestation contained in the video tape attached to this report, "Mining
Explosions as Seismic Sources'. These results provide a basis for identifying the

important physical processes at the scurce that contribute to regionally recorded
seismograms. The experiment at the Grefco Perlite Mine was a seismic refraction

experiment to Jetermine a consistent velocity and depth model in order to study the

source effects. The purpose was to measure the changes in the shock wave and the

coupling as a function of depth of burial and structural setting.
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OBJECTIVE. ldentification cf seismic events detected under a Comprehensive Tes!

Ban Trealy requires a clear physicai understanding cf the different types of seismic

sources mcluging mining expiosions. rock bursts. mine collapse and small, shalfow
earthquakes. Constraint cf the operative pnysical processes in the source regicn ang

linkage to the generaiicn of seismic waveforms with parlicular emphasis on regional ¢ ®
seismograms is neaded. in order tc preperiy address the multi-dimmensional aspect ¢f

data sets designed to censtrain these sources. we are investigaling a number of

madern visualization tools that have oniy recently become available with new, high-

speed graphical computers that can utilize relatively large data sets. The resuits of this

study will provide a basis for identifying important physical processes in the source »
regton that contribute to regional sersmograms.

RESEARCH ACCOMPLISHMENTS: Mining explosicns nave been identified as a
possiple source of seismic signals that at small rmagnitude might have io be
discriminated from a nuclear explosion, possibly tesied in a clandestine environment. ® ,
Many mining explosions occur each year as documenied by Richards et al., 19982. |
The coupling as well as lthe source characterization of these events must te i
investigated in order to assess the pessibie inipact they might have on a moenitoring
sysiem. The solrce characterization studies are directly linked to attempts to
discriminate events based upcn the relative excitation of different regrenal phases and P
the spectial content of the signals. One of the most discussed discnimmants has been
spectral scalloping of the signals resulting from either the delay times between the
individual charges in the mining explosion or the total duration cf the shot. The
hterature contains many studies that attribute this poss'ble discriminant to one of these
mecnanisms \.:ith nc consensus on the cause (Baumgardt and Ziegler, 1988 Healn et
al. 1989; Hedlin &t al.. 1920; Smith. 198%: Chapman et al.. 1992). None oi these L
studics, made any arect cbservations of the blasts that could cenfirm or ceny the .
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conclusions of the analysis of the regional datu. In some cases, official blasting
records from the mines were available for comparison but as Stump et al., 1994 point
out these recerds sometimes are in disagreement with actual blasting practices. In
addition to spectral differences. a number of authors have investigated the generation
of regional F. S and suiface waves by mining explosions and have suggested the use
of the relative excitation of these phases. Modeling to accompany ihese studies has
attempted to quantify the relative importance of the directly coupled energy from the
explosions, vertical and horizontal spall. the rubblization process and the three
dimensicnal structure of the mine itself cn the resulling regional waveforms (Barker
and Mclaughlin, 1992: McLaughlin ef af, 1893).

Following the work of Reamer &f 4. 1892 this paper reporis on efiorts to document
physical prccesses in the near-source regicn of mining explosions for the purposes of
unambiguously constraining the important characteristics of mining explosions that
generate seismic waves. Studies such as this in conjuncticn with regicnal
observations from the same events provide the mechanism fcr piacing regicnal
discriminants on a firm physical fcundaticn that can then be extrapclated to new
environments or locations. The recent Non-Proliferation Experiment {(Denny and
Zucca, 1994) illustrates cne such controiled experiment in which a combination of
near-source and regional measurements were used to explore the similarities and
differences of chemical and nuclear explosions.

Miring axplesions are designed for a variety of purposes including the fragmentaticn
and movemen: of materiais. The rlast gesign is dependent on the particular
applicztion intended and the maternal properties of the rock. The range ¢f mining
applications from hard rock quarrying to coal exposure to mineral recovery leacs 1o a
great vanety of blasting practices. A common component of many of the sources is
that they are detonated at or near the earth's surface and thus can be recorded by
camera or video. Although our primary interest 1s in the seismic waveforms ihese
blasts generate. the visual observations of the blasts provide important constraints
that can be applied to the physical interpretation of the seismic source function. In
particular, high speed images can provide information on detonation times of
individual charges. the timing and amoun! of mass movement during the blasting
processes and in some instances evidence of wave propagation away from the
scurce. Ali ¢f these characteristics can be valuable in interpreting the equivalent
seismic source functicn for a set of mine explosions and quantifying the relative
impontance of the different processes. This report doecuments an attempt to take
standard Hi-8 videc of mine blasts. recever digital images from them and combine
them with ground moticn records for interpretation. The steps in the data acguisition,
processing. display and interpretation will be outlined. Two applications, the first a
single cyiindrical charge at standard burden distances and a smail, four-by-four.
ripple-fired expicsion will be used to illustrate the techniqu 2s.

The blasts were all reccrded on a Sony TR101 Hi-8 video camera at 3C framasis and a
1:10000 shutier speed. The camera was deployed approximately 100 m from the
single cylindrical charge narallel with the frea face in front of the charge. Durning the
neele-fired explesicn.  the camera was deploved approximately 250 m behind and
above th-: explosion  In cach deplevment. there was a near-oy Qroung rmelon sensoer
for corrciation with thie vigeo  The greund moetion data was acqueraeZ wih o 18-01




Refraction Technology Data Acquisiticn System. Terra Technclegy acccicrometers
and Sprengnether S- oOOO 2 Hz seismometers. The focus of this discussion will be on
the video acguisition and processing as the ground motion data was processe 1 in
standard ways.

The raw video images were iransferred to a Sony CVHR 50C0 laser disk using the
Silicen Graphics Inc. (SGI) Galilzo Card for ume-base correction, a process which
takes a few seconds. 150 frames (i.e., 30 fps ™ 5 sec) of the video were digitized
Galileo Video card. This process produces YUV format color images each 640x486
nixels for a total size of 1E0 MBvtes. The files are converted from YUV to RGB fcrmat

IR Y. -~ R\‘m | ,-,ﬁglh [:.,,,‘,‘.-‘.‘4 /D' E) o,l,—.s e — U"‘h DA_Af, T - I

(T;."-C P SR & O] o HE KRR RS \- u.)ll Ul" [N SN n\,u..“\u

com-'ersicn atility (URT tocls are available free from the fip anonymous lcgin
cs. utah.edu). At this point each individuai frame of the image consist of two interlaced
fields sampled 1/60 sec apart. Figure 1 iilusirates one of the interlaced frames from
the single. cvlindrical explcsion. The fuzzy nature of the image is due to the repid
speed at which the material is moving and the interlacing of two fields sampled 1/€0
se¢ apar to preduce a single video frame.

Ficure 1. Raw. interiaced video frame from the single cylindrical explosion. The frame
icllows the detonation of the explosive by 500 msec.

The frames arse next ge-interlaced and interpolated into one even and crne 2c¢d niclc

which reprasent two insiances in time separaied by 0.018687 sec. Additional contiast
and imagz enhancement s pericrmed on the de-interiaced ir“aoes using RLE pubic
domain utillities.  The marked improvement n the image quality afier these steps is

~

clustrated in Figure 2




Figure 2: De-interlaced 2nd image enhancement of the even field from the frame
displayed in Figure 1.

Aithcugh not ot:wous in the single frames and fiel

M
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the camera mcticn in the plane cof the picture. The individual frames ars
comtined and animaied on the SGI to preduce a digital record of the biast at .0
sec resclution. An animaled representation of these images will be available for
ravieve ai the meeting.

S in Ihe video are combmed {e] proouce a repre‘c tai 'cn ci
t
1

Tre final step of the process is to combine the digital video images with the digital
creund motons so that one can begin to investigate the relationships between ihe

czrouno mobon and the scuice processes as recorded by the camera. Tne ground
Totons are superimposed en the boltom cof the video frame along with a vertical
curscr that ndicates the locaticn in time of the waveform relative tc the image currentl,
s viewed Time correlation betweesn the video images and the ground mction
ade with the P arrival record.  Thne composite animalicn are neax:
> KRG8 fermeat ana Se-:]uOr’cr-’fi one frame at a time back onte the iaser
r disk can then be used "o piav the animation at speeds from 30 frames
2 rezl ime after de-interlacingi to a smgle irame stcp motion. \VWe havs

‘he abiiy to intgract with the annation 2t vanous speeds has besn one i
o cr‘.unt wsuahaatl*n tcols  An example of one frame from the composite s
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Fraurs o De-interlaced. da-jittered and cempcesited field from the single. cviindr
Sxpiosicn. The bettom two ime series are the reccvered camera di splacc OIS irem
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Figure 4: De-interiaced, de-jittered and composited filed from the ripple-fired
los.on The ground velocities and the camera are at a range of approximately 250
m from the explosion.

CONCLUSICNS AND RECONMMENDATICONS: The utility of combining video records

i grcund motion records from the near-source region of mining explosions has
gen cemonstrate This tool provides a unigue opportunity for investigating the
chvsi cal orooemes nmpor‘ant m oeneratvno seismic wf;veforms The smole examoles

is or pnmary lmpor‘ance in the generat.on of near-source waveforms and that the
material cast by such explosicns is of secondary impertance. Analysis of the ripple-
fired explosion documents the firing sequence and the cylindrical interaction of the
individuzl charges in the source array. Spall processes guantified by the video occur
at late time relative to the near-source moticns.

Simple Hi-8 video with its improved resolution provides the starting point for this
analysis prccedure. The key to the work is the digitization of the video, the de-
interlacifg, the de-jittering and the animation with the recorded waveforms: A modest
priced desk tcp computer such as a SGI Indigo-2 coupled with a video capture card
prevides the basis of the analysis system. A read/write laser disk system is needed as
well fcr beth the processing steps and the final assembly of the images.

This greliminary study has begun to explore the utilization of different types of data in
the interpretation of the seismic source function. Additional work with multiple
cameras intended to provide three-dimensional characterization of the source is

planned. These images can be used to provide detailed temporal and scatial
guantiiication of material motion in the source region. These same images in
comzmnation with sparsely sampled ground moticn records can be used to provide

sCme underst anc‘ing of the two and thres dimensional aspects of the seismic
aveiield. We intenc ic explore the utilizaticn of the video images as an interpolating
tween the coint ground motion reccras.
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An important key to these visualizations i1s the linking of temporal and spatial aspects
of the problem in a Ingical way so that the scientists can interpret the impcrtant
vhysical processes in the source. FProcessed video records of the tests discussed in
this paper wil be displayed at the meeting for those interested in investigating ‘he
temiporal and spatial relatcns in the video and ground motion data sets.
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VELOCITY MODEL AND DEPTH MODEL
OF THE
GREFCO PERLITE MINE

Meredith Ness

ABSTRACT

A series of small-scale explosive ground metion experiments were conducted
by Los Alamos National Laboratories and Southem Methodist University in the Grefco
Perlite Mine near Sacorro, New Mexico. The purpose of the experiments was {o
measure the changes in the shock wave and seismic coupling as a function of depth of
ourial and structural setting. In order to understand the structural effects on the seismic
waveforms. Southem Methodist University conducted a refraction experiment at the
mine. The purpose of the refraction experiment was to determine a consistent velocity
model and depth model for the site. With a consistent structural model of the site and
explosive waveforms, the source effects can be studied. The interpretaticn of the
refraction data yielded a consistent velocity model with approximate velocities of 266
meters/second, 645 m/s, and 1210 nVs. The upper layar consists generally of loose
material and was determined to be a weathered layer. The Poisson's ratios for the first

and second layers were calculated to be 0.24 and 0.16 respectively.
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INTRODUCTION

Detection, discrimiration, and characterization of underground explosions are
important in the move towards the nonproliferation of nuclear weapons. As part of an
effort to understand explosion waveforms in different media, Los Alamos National
Laboraton’les (LANL) conducted a series of experiments to study the explosion
waveforms in perite. Southern Methodist University (SMU) participated in recoraing
the ground motion from the explosions and conducted refraction experiments to
determine a consistent velocity model and depth model for the site. This report
presents the velacity model and depth model calculated from the SMU refraction data

and two previous experiments.

A preliminary refraction study was conducted by Allen Cogbill of LANL. His
data is reinterpreted and includcd as part of the data set. Also included in the data set
is the refraction data from three small-scale high explosive shots collected by the
Geophysics Group, EES-3, LANL in conjunction with SMU (Edwards, Pearson and
Baker 1994].

This report is unique for several reasons. First, several different sources
including high stress and low stress sources were used 1o generate P wave and shear
wave-data. Both the preliminary refraction study and the SMU refraction study used
low stress sources. The three small-scale high explosive shots were high stress
sources that were buried at depth. Second, the data set has a high resolution due to
the number of data points used. Third, two different interactive computer programs
were used to interpret the data. REFRACT was written by Craig Pearson of LANL
using MATLAB software. REFRACT is a simple program tased on a one-dimensional
plane layered interpretation of the data. The second program is a commercial

software package called SIP (Seismic Interpretation Program). SIP is a more

comphcated program that creates a 2 Y5 -dimensional cross-seclional depth model.
J prog ) P




SiTE DESCRIPTION

The experiment site is in the Grefco Perlite Mine located near Socorro, New
Mexico. The experiments were conducted in an area that has been previously mined
and is oblong in shape (Figure 1). There are two major fracture sets present on the
experimentlfloor (Edwards, Pearson and Baker 1994). The axis of the major fracture
set strikes at approximately 0° and runs parallel to the refraction line, and the axis of
the second fracture set strikes at approximately 300°. The mine floor sloped gently
downwards to the north and consisted of various sizes of perlite fragments and in situ

perlite.

Figure 1: Photograph of Experiment Site




MATERIALS AND METHODS

Onginally the SMU refraction experiment was designed with two refraction lines
onented perpendicular to each other. The first refraction line was oriented north-south
and corresponds with the main instrument line from the previous small-scale explosicn
experiments conducted by LANL and SMU (Figure 2). No experiments were

conducted along the second refraction line due to time consliaints.

Figure 2. Aerial Photograph of Experiment Site
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Two sources were used o generate energy. A Betsy Seisgun was used for the
P wave source (Figure 3). A Shear Wave Impulse Generator (SWIG) was used to

generate shear waves. The SWIG is a pneumatic hammer that can be shot in two

directions to reverse the polarity (Figure 4).

Figure 3: Betsy Seisgun - P Wave Source
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Frigure 41 SWIG - Shear Wave Source

Vertical geophones (10 Hz) were used for collection of the P wave data, and
horizonta! geophones (10 Hz) were used to collect the shear wave data. The
horizontal geophones were oriented to the east at right angles to the refraction line.
The data was recorded by an EG&G twelve-channel recorder (Figure 5). For the
second set of experiments, an array of twelve geophones was connected 1o the EG&G
recorder. Afier obtaining good data recordings, the geophones were disconnected
and the next array of twelve geophones was connecled. Then recordings were made

from the same shotpomt

[o




Figure 5. EG&G Twelve-Channel Recorder

=

The first set of refraction work was done on August 2, 1993. The refraction line

consisted of twelve geophones labeled A2 (array 2) and eight shotpoints (Figure 6).

The geophones were spaced at 2 meter intervals with the first geophione 56 meters
from the 150-Ib. LANL shot hole. tour shotpoinls were placed both north and souih of
the array. Shotpoint 1 (51) and shotpoint 5 (85) are 2 meters from the nearest
geophones. All other shotpoints were placed 20 meters from the previous shoipoint
except for shotpoint 8 (S8) which is only 18 meters from shotpoint 7 (57). P wave
experiments were conducted at all eight shotpoints, while shear wave experiments

weere conducted at S1. 82 S5 and S6
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Figure 6: SMU Experiment Layout from 8/2/93

® S8 N

o s7 Geophone spacing = 2 m
=< = geophone
S1 = shotpoint 1

& S6 A2 =array 2

10 meters

n
911

1

OX X XXXXXXXXXX D

w
iy

® 52

® 53

* LANL-150 Ib. charge hole

® S4




Due to the preliminary analysis of the P wave and shear wave data on August 3,

further refraction work was conducted on the 4 and 5 ¢f August. A 36 element array
with four shotpoints was installed (Figure 7). Again, the geophones were spaced at 2
meter intervals. The first geophone is located 32 meters from the 150-Ib. LANL shot
hole. Two shotpoints were placed 2 meters from the nearest geophone at the ends of
the array, and two more shotpoints were placed in the middle of the anay just offset
from the geophones. The twelve center geophones, [abeled A2 (array 2), correspond
to the array from August 2. Geophone locations were pre drilled (Figure 8) to improve
receiver coupling by wedging the geophone spikes into the holes (Figure 9).
Sandbags were placed on top of the geophones to reduce the amount of wind

generated background noise.

The arrival time data were analyzed using two different interactive interpretation
programs. Craig Pearson wrote REFRACT using MATLAS software. REFRACT
assumes that the layers are planar and that velocities remain constant throughout the
layers. An M file was created for both the P wave and shear wave data. Each M file
contains the range and arrival times for each shot. REFRACT calis the M file and plots
the data as range versus time for a particular shotpoint and corresponding array(s).
#fter the data is plotied, one determines the number of layers and selects the
crossover points between the layers. After each crossover point is identified, a line is
automatically fit fo the appropriale data segment. When all the layers have been
identified, REFRACT calculates the velocity and thickness for each layer using both
intercept times and crossover distances. This information is tabulated on each plot of

arrival time data.




Figure 7: SMU Experiment Layout from 8/4/93 - 8/5/93
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SIP is a DOS shell proegram used for running seismic refraction programs
created by Rimrack Geophysics (SIP reference). Three of the available programs
were used: SIPIN, SIPEDT, and SiPT2. SIPIN creates input data files for use in other
SIP programs (SIPIN reference). Up to five spreads can be entered for each data set.
After the spread geometry is specified, the arrival times and elevations for each
geuphone are entered by hand. The elevaiions were calculated from the surveyed
elevations of the main instrument line from the earier LANL/SMU experiment. Next,
the data was plotted as a time-distance piot. Then each arrival time is assigned a 1, 2,
or 3 to designate in which layer the ray bottomed. SIPT2 also allows internally
computed velocities to be overridden. Velocity override values can be entered in
SIPIN or SIPEDT forcing SIPT2 to replace the internally computed velocities with the

override velocities. Once all the data has been entered, the data file is written to disk.

SIPEDT is used for editing existing data and entering new data into the data
files (SIPEDT reference). The data file to be edited is selected. From the SIPEDT
main menu, one can choose the part of the data file that requires modification.
SIPEDT is paricularly useful because it makes the data file easy to edit without having

to create a whole new data file with SIPIN.

_SIPT2 is the program that interprets the refraction data (SIPT2 reference). The
velocity for each layer is computed by regression and the Hobson-Ovenoh method (a
least squares version of the reciprocal time difference method) if there are enough
reciprocal points. Then the geophones and shotpoints are shifted to a sloping datum
plane fitted through the geophone positions. A first-approximation depth model is
made by SIPT2. The depth model is obtained by an inversion algorithm that is based
on the delay-time method (Pakiser and Black 1957). The model is then refined by a
series of ray-tracing and model adjustiment iterations. The measured arrivel imes and

computed arrival times traced through the deptiv model are compared and adjusted to
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minimize the discrepancy between travel times. The other layers are computed in the
same manner after :he overlying layer has been mathematically stripped away. A final

iteration is made through all the layers to correct for near surface anomalies.

INTERPRETATION

P Wave Data

A total of 44 P wave record sections were recorded (Appendix G). The
background noise level for all three days varied depending upon the wind and
machinery running at the mine. First-arrivals were picked by hand from the traces with
the best signal to noise ratio. Estimated errors in arrival times are 3 milliseconds.
From the first refraction experiment, arrival times were picked for shotpoints 1, 2, 3, and
4 out to approximately 60 meters. Arrival times were picked cut to approximately 40

meters for shotpoints 5, 6, 7, and 8.

The data from the second experiment was generally better than the data from
the first experiment. The signal to noise ratio was higher ior the second experiment.
Furthermore, the shotpoints were siationary while the array moved. This negated the
moveout effect from the first experiment. From the second refraction experiment, first
arrivals were picked out to approximately 50 meters for shotpoint 1 arrays 3, 2, and 1.
The data from shotpoint 2 arrays 1, 2, and 3 (S2A123) was much better and first

arrivais were picked for all traces (72 meters).

Shots from two points within the arrays (S3 and S4) were anticipated to help
constrain the velocity and depth models; however, their analysis did not prove to be
particularly useful. The data from shotpoint 3 array 3 (S3A3) vielded a first 'ayer
velocity approximately 100 meters/second slower than the data from S1A321 and

S2A123. The second layer velocity calculated from S3A3 data was about 200 mi's

12




faster than the velociy calculated using the data from S1A321 and S2A123. The data
from shotpoint 4 array 3 (S4A3) yielded a third layer velocity approximately 200 m/s

slower than the velocity calculated from S1A321 and S2A123.

Since the data from the secnnd experiment tends to be better, the P wave
model 1s based on the interpretations of S1A321 and S2A123. Both types of
interpretations returned simiiar results for the data from the second experiment. The
data from S1A321 (shotpoint 1 - arrays A3, A2, and A1) and S2A123 (shotpoint 2 -
arrays A1, A2, and A3) interpreted by REFRACT yielded the following approximate
velocities:

layer one = 280 meters/second

fayer two = 665 mv/s

layer three = 1230 m/s.

The depth to the first refractor is about 1.5 meters, and the depth to the second
refractor is about 6.5 meters. The resulis for the data interpreted by REFRACT are in

Appendix D.

One of the advantages of SIPT2 is that the reverse spreads (S1A321 and
S2A123) could be interpreted at the same time, thus producing a more consistent
model. The files labeled as Combo1s and Combo in the SIP output files, produced the
following velocilies:

fayer one =251 m/s

layer two = 625 m/s

layer three = 1180 m/s.

Combols and Combo both use the data from the reverse spreads S1A321 and
52A123. The difference between the two files is that Combois combines all the
arrays into one spread with two shotpoints (S1 and 52) and Conbo uses two spreads

with one shotpoint each. Combats allows, SIPT2 to create a depth mode! using
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reciprocal arrivals to compute velociies. With Combo, SIPT2 computes a sepatale
depth model for each of the two spreads and superimposes them in the depth plot.
The difference between the two depth models is minimal. The depth model computed
using Combo1s is shown in Figure 10. Since SIPT2 can interpret undulating surfaces,

the depths to the refractors are listed in the culput files in Appendix F.

Based on the models, the first layer is interpreted as the weathered layer. The
weathered layer approximately follows the topography except for where it pinches out
at anproximately 14 meters from S1 (see Figure 10). The most competent perlite was
extracted from that parn of the test bed indicating that this material has not weathered
as much as the surrounding material. The second layer could be due o a change in

the depositional flow banding or an overburden effect.

Shear Wave Data

A total of 47 shear wave reccrd sections were recorded (Appendix L). The
shear wave data was considerably harder to interpret because the signal to noise ratio
was reduced and first arrivals were mure difficult to identify. First arrivals were picked
four times to obtain the best possible arrival times. In order to help identify first arrivals,
a record section was collected from the SWIG source fired in each of its two directions
perpendicular to the refraction line. The shear arrivals for these two source
orientations were 180° out of phase. Supemosition of the two record sections
provided the means for shear wave identification based on the 180° phase change.

The last picks were used for the shear wave interpretations,

The best shear wave traces are from the first experiment (see Figure 6) which
had a higher signal to noise ratio. The SWIG was shot at shotpoints 1, 2, 5, and 6.
Shotpoints 1 and 2 are combined in a file labeled S12, and shotpoints 5 and 6 are
combined in a file labeled $56. For these shotpoints. | picked arnival times out to

approximately 40 meters. The data set from the second expenment contains arival
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times out to about 36 meters. The estimated error in arrival time is 5 ms. Neither
polarity direction (cast or west) consistently produced superior waveforms. This is

probably due to the highly fractured nature of the rock and anisotropy.

A hammer was used during the second refraction experiment (see Figure 7) as
a source for one of the records from shotpoint 2 array 1. The record section and
corresponding files are labeled S2A1 - Hammer. The data obtained from the hammer
was not very good. The shear velocities for the first and second layer were

consistently 200 m/s higher than the other calculated shear velocities.

Again, both programs retumed similar results. Since the shear data from the
first experiment is better, the shear wave model is based on the interpretation of S12
and S56. REFRACT computed the following average velocities:

layer one = 150 meters/second

layer two = 416 m/s.

The depth to the first refractor is betwean 1 meter and 1.8 meters. The results for the

data inteipreted by REFRACT are in Appendix J.

Using SIPT2, S12 and S$56 were combined into two files labeled $1256 and
S161s. S1256 interprets array A2 with shotpoints 1 and 2 seperate from array A2 with
shotpoints 5 and 6. S161s interprets array A2 with shotpoints 1, 2, 5 and 6
simultaneously. The following velocities were computed for both $1256 and S161s:

layer one = 155 meters/second

layer two = 408 m/s.

Like the P wa'e SIPT2 interpretations, the difference in the depth models of $1256
and S161s is minimal. The depth model computed using S1256 is shown in Figure

11, and the output files are in Appendix K,
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P Wave and Shear Wave Results

Both the P wave and shear wave interpretations are consistent with cach cther.
The depth to the first refractor compued by REFRACT from both P waves and shear
waves is similar. [nthe SIPT2 depth model plot for SHCOMBO spread 1 (Figure 12).
the same rise in the first refractor at about 14 meters from S1, which is 2 meters 10 the
left of the geophone labeled 1. is observed although it is less pronounced than in the P
wave model. The shear data also supports the conclusion that the first layer is a
weathered layer since the refracting surface generally follows the surface. The
Poisson's ratios for the first and second layers were calculated to be 0.24 and 0.16

respectively.

Cogbill Data

The preiiminary refraction data collectad by Allen Cogbill of LANL was
reinterpreted and checked for consistency with data from this study. Cogbill collected
and inferpreted the data before the small-srale high explosive LANL/SMU
experiments were conducted, and interpreted the data as a continuos increase in
velocity (Edwards, Pearson and Baker 1994). The geophones were spaced at two
meter inlervals, and the refraction line was oriented north-south were the main
instrument ne for the LANI/SMU experiments would later be placed. Figure 13
compares the SMU refraction layout, Cogbill's refraction layout and the LANL/SMU

main instrument line.

Cogbill's refraction data is interpreted here in the same manner as the SMU P
wave data. REFRACT computed the following average velocities:
lyer one = 540 meiersissecond
layer twe. B0 m's

Lyyer thres 1306 mis,
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igure 12: SIPT2 Depth Model for Shcombo, Spread 1
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Figure 13:
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The depth to the first refracting horizon is between 2.5 meters and 4 meters. The

results computed by REFRACT are in Appendix O.

Using Cog13c, which is a combination of data files Cog1 and Cog3, the
following velocities were computed:

layer one = 158 meters/second

layer two = 738 m/s

layer three = 1440 m/s.
The depth mode! for Cog13c¢ is shown in Figure 14. The output files for SIPT2 are in

Appendix P.

Both sets of velocities computed from Allen Cogbill's refraction data are
approximately 200 m/s faster than the P wave velocities computed from SMU's P wave
data. Perhaps Cogbill's signal to noise ratio is higher so the errer on his first arrival
times is smaller. However, the interpretation of Allen Cogbill's refraction data supports
the velocity models and depth models obtained from SMU's refraction data. The
weathered layer pinches out similar {o the SMU depth model; however, it occurs 20

meters closer to the LANL 150 Ib. shot hole.

LANL Data

Data was also obtained from the three small-scale high explosive shots
conducted by the Geophysics Group, EES-3, LANL and SMU (Edwards, Pearson and
Baker 1994). The three shots labeled P9, P10 and P11 were respectively placed at
depths of 40, 30 and 8.5 meters in the same shot hole listed as the 150 Ib. charge hole
on Figures 4 and 5. The data is from the main instrument line that runs north-south in
Figute 2. The main instrument line corresponds with the SMU and Cogbill iefraction

lines (see Figures 13).
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Figure 14: SIPT2 Depth Model for Coyg13c
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All three shols were placed at depths corresponding to layer three. Theiefore.
the velocities computed from the LANL shot data should be similar to the velocitics
obtained for layer three from SMU P wave data and Cogbili refraction data. REFRACT
computed an average velocity of 1122 meters/second for layer three. The resulis

computed by REFRACT are in Appendix S.

In SIPT2, velocity overrides of 270 m/s and 760 m/s for layers one and two
respectively were entered based on earlier analysis. SIPT2 computed an average
velocity of 1144 m/s for layer three. A file labeled LANLC was created that consisted of
one array with three shotpoints. Like the combined files in the SMU data and Cogbill
data. LANLC provides a more accurate velocity model than the three spreads (P9, P10
and P11) alone. The computed velocity for layer three from LANLC is 1143 m/s. The

output files for SIPT2 are in Appendix T.

Since P11 was close to corresponding with layer two, the data was also
interprefed with some of the data points assigned o layer two. The resulting output file
was labeled LANL P11B. REFRACT computed the following velocities:

layer two = 641 m/s

fayer three = 1150 m/s.

SIPT2 computed the following velocities:
) layer two = 506 m/s

layer three = 1189 m/s.

Since velocity overrides were entered for layers one and two, there were no
depth points for SIPT2 to compute depth models for the LANL data. However, the
LANL velocilty model supporis the velocity models obtained from ine SMU refraction

clata.
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SUMMARY

The SMU refraction data, Cogbill data and LANL data suppoit a consistent
velocity model for the Grefco perlite mine. The P wave data produces the following
velocity model:

layer one = 266 meters/second

fayer two = 645 metcrs/second

layer three = 1210 meters/second.

The data also supports a consistent depth model. The first layer varies in
thickness from 0.1 meters to 2.0 meters and represents the weathered zone of perlite.
The second layer varies in depth from 6.5 meters to 10.0 meters from the surface. The

second layer could be due to a change in the depositional flow banding or an

overburden effect.

CONCLUSIONS

The SMU refraction data provided a consistent velocity and depth model for the
Grefco perlite mine, and the Cogbill data and LANL data supported the velocity and
depth model obtained frorn the SMU refraction data. Both high stress and low stress
sources were used to generate energy for these experiments. With the exception of
Cogbilt's slightly faster P wave velocities, both types of sources yielded similar P wave
velocities. The high resolution of the data set allowed a more refined depth model to
be computed and helped to constrain the velocities. Finally, both interpretation
programs calculated similar velocitics. However, due 1o the complex structural nature

of the site tha more complex SIP program was needed to create realistic depih

models.
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RECOMMENDATIONS

The complex nature of the material and structure suggests that a more
comprehensive refraction study (including azimuthal arrays) is needed to betier
understand the structural effects on the seisimic waveforms. In future experiments, a
preliminary refraction study should be conducted to obtain preliminary velocity and
depth models needed to help design ground moction experiments. Later, a refined
refraction study (based on the preliminary refraction study) should be conducted to

further refine the preliminary velocity and depth models.

In all refraction studies, digital data sheuld be obtained rather than analog. The
digital data can be processed in several ways after the refraction study is finished
unlike analog data. Interpretation programs like REFRACT and SIP should be used in
conjunction when doing preliminary interpretations of refraction data. When
interpreting refraction data from secondary refraction studies, programs capable of

producing more complex depth models like SIP should be used.

Refraction studies should always use both P wave and shear wave data. Shear

wave data can be harder {o interpret than P wave data, but the use of digital data
would help to identify first arrivals. Velocity models and depth models should be
computed using both P wave and shear wave data, and the models should be

consistent with each other.

The model may later be refined by generating synthetic seismograms for the
model and comparing them to the actual data. Furhcr refinement of the model can be
done by using surface wace dispersion to determine the shear wave velocity and

structure (Craven 1982).
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